Different cement pastes containing limestone powder were prepared and soaked, respectively, in flowing acetic acid solution with pH value of 4 and sulfuric acid solution with pH value of 2. The strength and microstructure of the pastes after different flowing acid attack periods were investigated by using strength test, X-ray diffraction (XRD), and scanning electron microscopy (SEM) techniques in this study, which reveals the effect of limestone powder on flowing acid resistance mechanism of cement paste. Testing results show that the strength of pastes suffered flowing acid attack decreases with the increase of water-binder ratio and the content of limestone powder. In flowing acetic acid solution, calcium hydroxide and calcium carbonate react with acetic acid, which therefore made deterioration of pastes proceed from the exterior to the interior. In flowing sulfuric acid solution, although calcium hydroxide and calcium carbonate could react with sulfuric acid and form gypsum, the flowing liquid would dissolve it out and thus the crystallization of gypsum was difficult which would somewhat inhibit the swell of pastes.
Introduction
Concrete and mortar are always affected by physical and chemical attack under environmental water conditions and therefore their microstructure will be deteriorated, strength of the structure will decrease, and finally the architectures will be destroyed [1, 2] . There are mainly five kinds of environmental water attack, among which the acid attack is the most common. Acidic materials are such widely spread as in the atmosphere, in the soil contiguous with buildings, in the industrial wastes, and in the marine environments. Cement paste as an alkali compound is easily to be corroded under acid attack.
Modern cements often incorporate several mineral admixtures, one of which is limestone powder. The use of Portland cement containing limestone powder is a common practice in Europe. European standard EN 197 identifies two types of Portland limestone cements (PLC): type II/A-L containing 6%-20% and Type II /B-L containing 21%-35% [3] [4] [5] . The use of limestone powder can improve properties of concrete, decrease the costs, and reduce CO 2 and NO x emissions during cement manufacture [6] [7] [8] . But there are still problems concerning the application of concrete mixed with limestone powder. The main composition of limestone powder is calcium carbonate which is easily to be suffered from acid attack. Although they have been implemented about this kind of concrete, most of the researches were limited to the static erosion environment [9] [10] [11] [12] . While in practical projects, the concrete structures such as piers and foundations are usually located where the seepage of groundwater is positive or the erosion of the flowing water is intense. How the flowing acid attack resistance of cement paste changes after incorporating limestone powder still remains uncertain.
In this paper, cement pastes with different mix proportions and different contents of limestone powder were prepared. These pastes were then soaked in the flowing acetic acid solution with pH value of 4 and sulfuric acid solution 2 ISRN Ceramics with pH value of 2, respectively. The changes of strength and microstructure of pastes after different flowing acid attack periods were investigated by using strength test, X-ray diffraction (XRD), and scanning electron microscopy (SEM) techniques, which will indicate the effect of limestone powder on flowing acid attack resistance mechanism of cement paste.
Experimental

Raw Materials.
The mixtures were prepared with ordinary Portland cement PO 42.5 (the Chinese standard GB175-2007), limestone powder, fly ash, and silica fume. Limestone powder, produced from carboniferous limestone with a very high purity (95% of CaCO 3 content), was added as filler. The particle size distribution of Portland cement, limestone powder, and fly ash measured by laser diffraction is shown in Figure 1 . Obviously, the particle size of limestone powder is much smaller than those of Portland cement and fly ash. The dominant particle size of limestone powder is below 5 μm.
Mix Proportions.
In order to study the effect of limestone powder on flowing acid attack resistance of cement paste, two different water-binder ratio serials including the low value of 0.3 and the high value of 0.5 were set. By changing the content of limestone powder and mixing with fly ash or silica fume, 10 different pastes were prepared. The specific mix proportions are shown in Table 1 .
Paste specimens with size of 20 × 20 × 20 mm 3 were cast according to Table 1 . After molding 24 hours, the pastes were removed from the mold and then placed for standard curing till 28 d when their strength was tested as reference. Thereafter, they were soaked in two different solutions: the flowing acetic acid solution with pH value of 4 and the flowing sulfuric acid solution with pH value of 2. The strength change, XRD, and SEM analysis were studied, respectively. The actual devices simulating flowing solution environment are shown in Figure 2 .
XRD.
XRD measurements were implemented on a Philips X'Pert diffractometer equipped with a graphite monochromator using Cu Kα radiation and operating at 40 kV and 20 mA.
Step scanning was performed with a scan speed of 2
• /min and sampling interval of 0.02 • /2θ. XRD was used to identify the hydrates in the cement pastes containing limestone powder.
Results and Discussions
Strength.
The compressive strength of the pastes soaked in flowing acid solution for different periods is shown from Figure 3 to Figure 6 . It can be concluded from the four diagrams that compressive strength of the pastes would firstly decrease and then increase slightly and finally decrease again. The strength would decrease correspondingly with the increase of water-binder ratio and the content of limestone powder. Strength of the pastes incorporating fly ash and silica fume declines more slowly than that of pastes only containing limestone powder. Figures 3 and 4 show the early strength of pastes decreases in flowing acetic acid solution because calcium hydroxide and calcium carbonate reacted with the acid and the product calcium acetate will leach out. Then unhydrated cement particles continue their hydration which leads pastes' strength to recover slightly. At last, with the further acetic acid attack into the interior, calcium hydroxide will be consumed and calcium carbonate will be dissolved. Thereafter other hydration products decomposed and as a result the strength descended again. Figures 5 and 6 show the early strength of pastes decreases in the flowing sulfuric acid solution, possibly because calcium hydroxide and calcium carbonate in the pastes reacted with the acid and the products leach out. Then unhydrated cement particles' proceeding hydration and the swelling effect of the generated gypsum lead the pastes strength to recover slightly. At last, with the further sulfuric acid attack into the interior, simultaneously the generated gypsum destroys the pastes' structure and consequently the strength descends again. In comparison with the flowing acetic acid solution, strength of the pastes soaked in the flowing sulfuric acid solution declines more slowly possibly due to the depression effect of the flowing liquid onto the gypsum's crystallization which is commonly the main reason to cause expansion of the paste under sulfuric acid attack. As is indicated in Figure 2 , the feculent sulfuric acid solution, unlike the clear appearance presented in the acetic acid solution, suggests gypsum was dissolved out. The pictures provide a convincing demonstration of the explanation.
As for the influence of water-binder ratio, pastes with high W/B value are more easily to be damaged because of their loose microstructure and high porosity. As for the effect of limestone powder, the higher the content, the more paste strength decreases because calcium carbonate, dominant composition of the limestone powder, could react with the acid and the reaction products will leach out. When mixed with an additional cementing material, fly ash, or silica fume, the descending tendency of strength is not that intense because the content of limestone powder decreases. What is more, both fly ash and silica fume could react with calcium hydroxide and the hydration products are beneficial to enhance the strength. Subsequently, the content of calcium hydroxide decreases and so is its degree of reaction with the sulfuric acid. Figure 7 shows the results of XRD analysis of hydrates of cement pastes with W/B value of 0.5 soaked in the flowing acetic acid solution at 28 d. There are calcium carbonate peak caused by the mixing of limestone powder and calcium hydroxide peak caused by the hydration. The higher the content of limestone powder, the higher the calcium carbonate peak. Calcium carbonate peak is much higher than calcium hydroxide peak. Calcium hydroxide peak is very low because they are consumed in their reactions with the acetic acid. Figure 8 shows the results of XRD analysis of hydrates of cement pastes with W/B value of 0.5 soaked in the flowing sulfuric acid solution at 28 d. There are calcium carbonate peak, calcium hydroxide peak, gypsum peak and ettringite peak. Calcium carbonate peak is the highest, and the higher the content of limestone powder, the higher the calcium carbonate peak. Calcium hydroxide peak is very low because they are consumed in their reactions with the sulfuric acid which leads to the generation of gypsum. The gypsum could then react with C-A-H and ettringite is generated. The expansion of pastes caused by gypsum and ettringite should account for the destruction of microstructure and the loss of strength. The figure also indicates that the content of gypsum is relatively low because of the depression effect of the flowing solution onto the gypsum's crystallization. This is consistent with the explanation in the results of strength tests. Fragments of specimens broken off and washed with acetone were examined by SEM. Figure 9 shows the SEM pictures of sample H-3 soaked in the flowing acetic acid solution at 28 d. C-S-H gel, ettringite and calcium carbonate crystals can be found. But calcium hydroxide crystals are not found because they were consumed in their reactions with the acid. This is consistent with the results of XRD analysis. Figure 10 shows the SEM pictures of sample H-3 soaked in the flowing sulfuric acid solution at 28 d. C-S-H gel, calcium hydroxide and ettringite crystal can be found in it. But the gypsum is not that much because of the distorting effects of the flowing solution onto the gypsum's crystallization which is consistent with the results of XRD analysis. 
Microstructure.
Conclusions
(1) The compressive strength of the cement pastes would firstly decrease and then increase slightly and finally decreases again under flowing acid attack. The strength will decrease correspondingly with the increase of the water binder ratio and content of the limestone powder. Strength of pastes mixed with fly ash of silica fume decreases slowly than those of pastes only containing limestone powder.
(2) Cement pastes with high value of W/B are more easily to be damaged because of their loose structure and high porosity. Calcium carbonate in limestone powder could react with the acid and the higher content of it, the faster the strength decreases. When mixed with fly ash or silica fume, they could both react with calcium hydroxide and C-S-H is generated which not only is good to enhance the pastes' strength but also weakens the degree of reactions between the hydration products and the acid.
(3) Microstructural analysis manifests on condition of the flowing acetic acid attack, destruction of the microstructure, and loss of the strength are caused by the reactions between calcium hydroxide and the acid which make the deterioration proceed from the exterior to the interior. While under the flowing sulfuric acid attack, crystallizations of the gypsum and ettringite lead to the expansion of the pastes. The flowing solution environment inhibits the crystallization of gypsum and therefore delays the attack process.
